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Abstract: Biological applications of fluorescent probes are rapidly increasing in the supramolecular 
chemistry research field. Several organic dyes are being utilized currently in developing and ad-
vancing this attractive research area, of which diketopyrrolopyrrole (DPP) organic dyes show an 
exceptional photophysical features (high-fluorescence quantum yield (FQY), good photochemical 
and thermal stability) that are essential properties for biological applications. Great efforts have 
been made in recent years towards developing novel fluorescent DPPs by different chemists for 
such applications, and some positive results have been reported. As a result, this review article gives 
an account of the progress that has so far been made very recently, mainly within the last decade, 
in that we selectively focus on and discuss more from 2015 to present on some recent scholarly 
achievements of fluorescent DPPs: quantum yield, aggregation-induced emission (AIE), solid-state 
emission, bio-imaging, cancer/tumor therapy, mitochondria staining and some polymeric fluores-
cent DPPs. Finally, this review article highlights researchers working on luminescent DPPs and the 
future prospects in some key areas towards designing DPP-based fluorescent probes in order to 
boost their photophysical and biological applications more effectively. 

Keywords: diketopyrrolopyrrole; fluorescence; quantum yield; aggregation-induced emission; 
solid-state emission; bio-imaging; cancer therapy 
 

1. Introduction 
Fluorescent probes (FPs) are materials possessing fluorescence properties, like fluo-

rescence time, wavelength and emission intensity, changes resulting from specific inter-
actions with target species for sensing and visualizing of some biological molecules as a 
result of their progressiveness, noninvasiveness and high sensitivity with spatial resolu-
tion, hence gaining considerable research interests [1–5]. Over the years, organic dyes 
(ODs) have been used in the fluorescence research field to develop probes for different 
kinds of applications, such as optoelectronics [6], organic electronics light-emitting de-
vices like OLEDs, solar cells and OFETs [7–11], with detection of essential biological com-
ponents, bio-imaging and even therapy of cancer/tumor cells [12–15]. Such utilized novel 
FPs are mostly from coumarin, rhodamine, fluorescein, cyanine, boron-dipyrromethane 
(BODIPY) and diketopyrrolopyrrole (DPP). This is because these fluorogenic core units 
possess outstanding photoluminescence (PL) properties [16]. 

Coumarin dyes absorb and emit in the visible region high-energy wavelength (blue-
shift) [17], thus limiting their biological applications. High-fluorescence quantum yields 
(FQYs) and good photostability are characteristic features of fluorescein [18,19] and rho-
damine [20] dyes, but such dyes have a poor role to play biologically, as their absorp-
tion/emission maxima takes place mostly below 600 nm [16], hence limiting their biological 
applications. Undoubtedly, cyanine dyes biologically have a good role to play [21–25]; how-
ever, their moderately low photostability hindered their biological applications, as well in 
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relation to fluorescein and rhodamine dyes. Derivatives of BODIPY possessed excellent 
absorption/emission maxima along with high molar absorptivity, thus attracting research 
interest, too [26,27]. BODIPY and DPP dyes both possessed features suitably useful in su-
pramolecular chemistry (SC) the (high FQY, excellent absorption/emission and very good 
photostability). 

However, during the past decade, DPP dyes have auspiciously attracted considera-
ble research attention in this research field, especially in biological systems. This is as a 
result of fluorescent DPPs’ inherent absorption and emission properties to have predom-
inantly moves red-shift in an electromagnetic spectrum. Essentially important is the fact 
the typical DPP skeleton without any optimization fluoresce strongly above 500 nm 
(green-yellow) [28], and proper functionalization moves it easily to red-shift to the near-
infrared region (NIR) high wavelength (low-energy) with improved absorption/emission 
above 600 nm, and even far red to (800–900) nm, hence establishing strongly optimized 
DPP fluorophores with narrow NIR and far-red absorption at lower energy. This is be-
cause fluorophores fluorescing at higher wavelengths are essentially important biologi-
cally, as their cells and water absorption, autofluorescence and light scattering are greatly 
reduced, thus facilitating light penetrability deeply and hence boosting their therapeu-
tic/diagnostic functions more effectively. Moreover, DPP dyes are deeply bright red dye-
ing pigments, and, accordingly, now their molar absorptivity is relatively high, ~76,000 Mିଵcmିଵ, close to that of BODIPY, displaying ~80,000 Mିଵcmିଵ. These mentioned ODs’ 
photophysical properties are briefly summarized in Table 1, below. 

Table 1. Compared photophysical features of diketopyrrolopyrrole (DPP) with mostly used organic dyes. 

Organic Dyes Abs./Em. (nm) Abs./Em. Max 
(nm) 

Photostability 
Molar Absorptivity 

(M−1cm−1) 
FQY Reference 

DPP 400–500/500–600 500>/650> Extremely High 76,000 0.4–0.9 This work 
Rhodamine 470–528/510–610 530/621 Good 116,000 0.95 [16] 
Fluorescein 400–550/460–700 494/512 High 80,000 0.92 [16] 

Cyanine 400–800/500–800 473/767 High 100,000 0.12–0.67 [16] 
Coumarin 320–520/450–590 420/460 Moderately 20,000 0.78 [16] 
BODIPY 500–645/506–760 503/512 Extremely High 80,000 0.92 [16] 

Abs, absorption; Em, emission; DPP, diketopyrropyrrole; BODIPY, boron-dipyrromethane; FQY, high-fluorescence quantum yield. 

DPP-based FPs has a very high FQY, good light and are thermally stable (excellently 
photostable), thus serving as unique building blocks for various applications primarily 
for field-effect transistors [29–31] and photovoltaic cells [32–34] due to their substantial 
semiconducting properties. Different DPP-based FPs are being reported from the litera-
ture for numerous applications which can be categorically classified as; those for analytes 
(ions, ROS, thiols, pH, CO2 and H2) [35–37] molecular/and or bio-imaging probes [38], the 
near-infrared (NIR) dyes [39] and even luminescent polymer probes [40], etc. However, 
despite such developmental progress for this class of high performing DPP-based FPs, yet 
their potentials to detect essentially important biological molecules is still infantile. Con-
sidering the DPP’s exceptional photophysical features, recently efforts are being made to-
wards advancing its FPs and investigating their biosensing capability [41–43] in order to 
lessen such challenges and difficulties precisely for SC using various strategies owing to 
the low-energy of its optimized fluorophore essentially useful, especially in solutions and 
membrane-like systems. 

These peculiar properties have made DPP fluorophore currently attracting signifi-
cant research attention, as many research papers are reported. Thus, this review article 
specifically focuses on studying FPs in ODs, precisely DPP, because of its distinct brilliant 
red-dyeing pigment, considering its positive applications in SC, as compared to the most 
commonly used ODs, as briefly discussed in this section. 
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1.1. Overview of the Typical DPP Fluorophore 
The DPP skeletal unit possesses actively different functionalities (Figure 1), the 

bis(lactam) unit having functional groups of alkenes and carbonyl (ketones) coupled with 
secondary amidic hydrogen (N-H), which undergoes different functionalization to gener-
ate various derivatives of the DPP materials. The DPP core unit is obviously known for its 
high electron affinity, thus making it suitable for both electrophilic and nucleophilic sub-
stitution reaction. DPPs have been recently attracting considerable research attention, 
simply due to their outstanding and distinctive photophysical features, as summarized in 
Table 1, above. Therefore, they are unique semiconductor building blocks for both hybrid 
and purely organic materials, with remarkable semiconducting properties primarily for 
Organic Field-Effect Transistors (OFETs), photovoltaic devices and other relevant organic 
optoelectronics application. The typical DPP fluorophore absorbs and fluoresces strongly, 
exceeding 500 nm (green-yellow emission) without modification, and proper optimiza-
tion moves it easily red-shift; thus, such modified low-energy fluorophores are useful for 
biosensing and bio-imaging applications, as briefly introduced and discussed. These fea-
tures have caused DPP to attract considerable research attention for the past few years 
and present. Such FPs, with their several applications, were recently reviewed by Refer-
ences [3,4,9,44], for further readings. 

NH

NH
O

O

Ar

Ar

S O Se N

           DPP Fluorophore        Ar = Thiophene,    Furan,      Selenophene,     Benzene,     Pyridine etc.
 

Figure 1. The typical DPP fluorophore’s skeleton structure with some representative various do-
nor units. 

1.2. Functionalization of the DPP-Core Unit 
Researchers working with this commonly used OD of DPP fluorophore generally 

adopt two strategic approaches in modifying the DPP core (Figure 2) to develop new de-
rivative with desirable features in mind for different optoelectronics application. These 
two approaches are (1) functionalizing the DPP core with redox active metals at amide 
hydrogen (N-H) and (2) functionalization through side-chain engineering at either the (N-
H) or the carbonyl center (C=O) of the of the typical DPP core unit. Moreover, when DPP 
is optimized at the amide position, it mostly generates new derivatives with improved 
FQY, and when the core unit is functionalized at the 3/6 position, the resulting DPP deriv-
atives displayed improved absorption/emission to NIR region of an electromagnetic spec-
trum. These modification strategies are all briefly discussed in the following subsections 
below. 
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Figure 2. The general DPP core modification strategies using different electron-donating/with-
drawing groups at lactam nitrogen and 3/6 positions. 

1.2.1. Side-Chain Engineered DPP Materials 
Side-chain engineering (SCE) is proven effective in organic chemistry in optimizing 

different materials, purposely to fine-tune the materials’ intrinsic properties for a particular 
application [45–48]. Such substituent groups are principally employed as solubilizing 
groups; however, their potential is far beyond that. In a nutshell, through side-chain engi-
neering of small molecules and conjugated organic materials, their chemical properties can 
be enhanced to attain certain features that are suitable for specific application. For both small 
and organic conjugated molecules (polymers), SCE is being used to primarily boost the ma-
terials electronic (absorption/emission), optoelectronics properties and even sensing func-
tionality (detection of different analytes) in supramolecular chemistry significantly. 

Scientifically, small molecules are easy to purify; as is obviously known, the purity 
of a material is of crucial importance to device performance, and the π–π overlapping of 
small organic molecules ensures the efficient flow of charges. Additionally, small mole-
cules are easy to form single-crystal or 2D-crystal thin-films. However, for polymers, the 
molecular weight and side-chain of polymers are varied, because they are more difficult 
to purify and do not guarantee good charge transport like small molecules; therefore, they 
often result in having lower mobility compared to organic small molecules, generally. 
Thus, in small molecules, there exist free mobile electrons that can resonate within the 
molecular framework due the relatively high materials purity, which provides efficient 
flow of charges. Furthermore, in small molecules, the band gap is relatively small com-
pared to conjugated organic materials like polymers, due to poor purity, which lessens 
the efficient flow of charges within the polymer backbone, thus affecting the luminescent 
properties of emissive polymers like polymeric fluorescent materials. Therefore, the ease 
for purification and high purity of small organic molecules makes them appealing, and 
they attract much attention in developing new molecules of DPP-based FPs, and these are 
reasons why a lot of FPs are from organic small molecules. Scheme 1 below shows some 
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representative of the different small molecules FPs of DPP based on the SCE strategy. 
Moreover, these probes show absorption and emission in NIR (red-shift). 

 
(a) 

 
(b) 

 
(c) 

Scheme 1. Fluorescent DPP-based small molecules. (a) Produced cationic DPP probes. Copyright, 2015, reproduced with 
permission from Reference [41]. (b) DPP-C2 molecule structure. Copyright, 2019, reproduced with permission from Ref-
erence [49]. (c) Synthesized pathway of three structural DPPs composed of diverse side chains. Arrows directing the local 
dipole moments. Copyright, 2019, reproduced with permission from Reference [50]. 
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Accordingly, these side-chains are being introduced onto the DPP core in two differ-
ent ways, either by modifying the N-H or C=O functional groups. When optimized at the 
N-H reactive center, the resulting new fluorophore mostly absorbs and emits in the visible 
region (blue-shift), though few of such derivatives absorb and emit at NIR (red-shift). On 
the other hand, when optimized at the carbonyl center (C=O ketone functional group), the 
resulting new material derivatives predominantly move red-shift and emit far above 600 
nm, giving near-infrared and far-infrared materials (low-energy). Scheme 2 illustrates 
some small molecule DPP FPs, along with representative DPP polymer FPs for various 
applications in solar cells, aggregation-induced emission (AIE), and solid-state emission, 
as discussed under the polymeric fluorescent DPP section. Again, these fluorophores ab-
sorb and emit in the NIR (red-shift). 
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(C) 

Scheme 2. (A) Synthesized small molecule DPPs 2–5 pathway. Copyright, 2011, reproduced with permission from Refer-
ence [51]. (B) DPP polythiophene polymers. Copyright, 2015, reproduced with permission from Reference [41]. (C) DPP 
furan-based selenophene polymers. Copyright, 2018, reproduced with permission from Reference [52]. 

1.2.2. Metal-Functionalized DPP Materials 
Though DPPs are recently being considered as exceptional and distinct red OD pig-

ments, they are insoluble in organic solvents. Their outstanding photophysical properties 
are influenced by the intermolecular H-bonding, which results in depressing the FQYs of 
DPP FPs, thus limiting their various applications in fluorescence research field. It follows 
that alkylating and arylating of the lactam nitrogen with diverse moieties significantly 
weakens the intermolecular H-bonding by improving the materials photophysical prop-
erties efficiently. It is crucially important to note that metallic ions interaction with recep-
tor groups (electron-donating unit), significantly weakening the resulting materials’ con-
jugation length, leading to a reduction in the potential of the donor unit to effectively do-
nate electrons, thus making such materials absorb and emit in the blue-shifted region 
(high-energy wavelength). Alternatively, such interaction with acceptor unit moves the 
materials’ absorption/emission to NIR (red-shifted), as a result of improvement in mate-
rial’s conjugation. Such a conjugation system enhancement raises the electron-withdraw-
ing ability of the optimized acceptor component. 

Accordingly, these desirable photophysical features can be further boosted by ex-
ploiting coordination chemistry [53], where the lactam nitrogen can be coordinated with 
metal ions to generate promising class of complexes with innovative properties, like 
higher solubility and higher FQY combined with bathochromic absorption for optoelec-
tronic applications as demonstrated in (Figure 2). In 2000, Lorenz et al. synthesized a series 
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of DPP complexes with gold (Au), silver (Ag) and copper (Cu) elements. The authors pre-
pared DPP dianions by reacting 2 moles hexamethyldisilazane sodium salt, which was 
additionally treated by using copper(I) chloride and silver(I) tetrafluoroborate tri-
phenylphosphanes, and for gold, they used triphenylphosphane of gold(I) chloride. This 
synthetic approach reduces the likelihood of the formation of polymers, due to the steric 
effect of the bulkier triphenylphosphane substituent; the resulting complexes of Cu, Ag 
and Au were made. The FQY of the starting DPP material was 50% and consequently, the 
metal complex of Cu displayed a 20% decline, which resulted from fluorescence quench-
ing (FQ) induced by copper ion. Subsequently, the FQY was further decreased to 17% for 
the silver-complex derivative. However, gold complexes displayed a very strong unex-
pected increased to around 99%, hence implying the effectiveness of sterically gold sub-
stituent in boosting the FQY of the DPP fluorophore [54]. Later, in 2002, the same authors 
further exploit the use of platinum (Pt) and palladium (Pd) metal complexes, and their 
resulting complexes with DPP showed negative results, and nearly 15% FQY was ob-
served for the platinum complex and almost indefinable discovered for palladium com-
plexes [55]. 

This provides an insight that the vigilant choice of redox energetic metals possessing 
electron-donating capability undoubtedly offers competent metal complexes of DPP with 
desirable features applicable for non-linear optics, solar cells and photothermal cancer 
treatment. 

2. Fluorescence Quantum Yields (FQYs) and Emission Properties of DPP FPs 
The FQY of materials in other words quantum efficiency is solely the ability of the 

material’s fluorophore to generate high output power (emitted photons divide by ab-
sorbed photons). Moreover, the extent with which the glowing material is able to emit the 
absorbed light (fluoresce), the better the FQY of that material. A 100% FQY is obtained 
when the output power = 1, this can only be achieved when the absorbed photons are 
equal to the emitted photons (1:1 ratio). 

Quantum Yield =  ௘௠௜௧௧௘ௗ ௣௛௢௧௢௡௦௔௕௦௢௥௕௘ௗ ௣௛௢௧௢௡௦ (1)

Generally, most glowing materials possess a wider excitation and emission spectrum 
in nature; however, materials with evidently well-defined excitation and emission max-
ima are crucial and essentially more suitable in fluorescence microscopy like imagine. For 
this reason, DPP-based FPs are specifically selected owing to the DPPs obviously known 
very clear distinct absorption and emission wavelengths starting from 400 and 500 nm, 
respectively [16], in an electromagnetic spectrum for almost all of its derivatives. Further-
more, such DPP FPs are rarely observed (especially in solid-state) among its several de-
rivatives, according to the literature. Table 2, below, summarizes their different photo-
physical features. 
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Table 2. Summarized the photophysical features of variously studied fluorescent DPPs. 

DPP FPs Solvent Abs./Em. (nm) FQY (%) (Mିଵcmିଵ) 
Stoke’s Shift 

(cm−1) FL (ns) Reference 

7e (NMe2) DCM 684/753 3 76,800 1322  [56] 
7a (H) DCM 613/637 36 44,500 600  [56] 

7b (Me) DCM 621/646 32 54,700 610  [56] 
7f (CN) DCM 622/656 32 44,800 795  [56] 

7c (SMe) DCM 627/664 14 57,000 873  [56] 
7d (OMe) DCM 631/662 22 57,100 740  [56] 

PDPP-Hex Toluene 470/535 85 12,600 0.32 (eV) 6.8 [57] 
TDPP-Hex Toluene 510–525/565 79 27,600 0.04 (eV) 6.2 [57] 
SeDPP-Hex Toluene 550–562/580 66 33,600 0.07 (eV) 5.5 [57] 
FDPP–QAS H2O 534/588 55    [58] 
TDPP–QAS H2O 530/595 47    [58] 
SeDPP–QAS H2O 537/618 42    [58] 

Phenyl DPP 5 PBS 455/515 57 22,700  6.5 [59] 
Thienyl DPP 6 PBS 530/596 49 30,700  4.4 [59] 

Optimized phe-
nyl DPP 7 

PBS 
H2O 

456/548 
456/548 

76 
94 

14,700 
14,700 1350 

6.5 
6.8 [59] 

Optimized 
thienyl DPP 8 

PBS 
H2O 

527/594 
527/594 

56 
80 

18,100 
18,100 

 4.8 
5.0 

[59] 

DPP 1 DCM 
PBS 

609/636 
576/635 

48 
2.0 

43 
42 

27 
59 

 [42] 

DPP 2 
DCM 
PBS 

608/635 
575/637 

42 
1.0 

48 
47 

27 
62  [42] 

PhDPP 
MeCN 

H2O 
471/556 
481/604 

20 
8  

3246 
4234 

6.21 
2.33 [15] 

PhODPP DMSO, H2O 475/550 
481/599 

95 
56 

 2871 
4096 

6.38 
3.62 

[15] 

M1 (OMe) THF 501/646 1.1   0.32 [60] 
M2 (OMe) THF 514/625 1.3   0.53 [60] 

D1 no OMe THF 495/611 46.2   2.89 [60] 
D2 no OMe THF 506/595 67.5   3.10 [60] 

T2 (TPA) THF 503/590 71 30,000 87  [61] 
D2 (TPA) THF 504/602 68 42,200 98  [61] 
M2 (TPA) THF 513/625 2 50,500 112  [61] 

FPs, fluorescent probes; FL, fluorescence lifetime. 

As seen above, Table 2 summarizes the different photophysical features of some rep-
resentative DPP FPs recently published, in that almost all of these probes displayed red-
shifted absorption and emission in NIR, presenting appreciable FQY, molar absorptivity, 
Stokes’s shift with good results for AIE, solid-state emission and biological applications. 
Precisely, their FQYs were quenched in some cases, which was likely due to solvent effect 
(polarity) or substituent effect incorporated with the DPP fluorophore being it electron-
donating or electron-withdrawing groups. In essence, it is obviously known that donating 
groups result in generating the resulting fluorophores to predominantly absorb/emit in 
red-shift region; however, this depends on the donor group’s interaction strength with the 
material’s fluorophore through intramolecular charge transfer (ICT). However, with-
drawing groups generally leads to developing fluorophores predominantly moves to 
blue-shift region low wavelength (high-energy) again, which relies on the withdrawing 
group strength and its interaction with the material’s fluorophore under investigation via 
ICT. So in a nut shell, strong donating groups are essentially preferred when optimizing 
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DPP fluorophore especially for biological applications, as such optimized fluorophores 
are significantly useful in SC, owing to their low-energy, which is very vital for fluores-
cence studies (bio-imaging, therapy, etc.), due to their deeper tissue penetration ability 
with nearly zero cytotoxicity. However, fluorescence turn-on/quenching events do hap-
pen particularly for applications in biological systems while interacting with target spe-
cies; an example from Table 2 is briefly discussed, herein, under the molecular/bio-imag-
ing probes section. 

Series of DPP-based FPs coded (7a–f), bearing peripheral substituents of (H, Me, CN, 
SMe, OMe and NMe2), were synthesized, purposely, to study their photophysical effects 
both for electron-donating and withdrawing substituents to the central DPP for different 
chromophores independently (Figure 3)56 [56], as very little is known from the literature 
for this strategic approach. Only derivative 7e having strong electron-donating NMe2 was 
strongly quenched by displaying FQY of 3% with absorption and emission peaks nearing 
the infrared region at 684 and 753 nm, respectively, tested in DCM solution; however, this 
nonstructural emissive band exhibited the biggest Stoke’s shift of 1322 cm−1 among them. 
The bathochromically shifted absorption band along with observed FQ of 7e results from 
the planarity via extended π–π conjugation system of the bithiophene motifs towards the 
acceptor unit (the central DPP). Consequently, FQY for 7a (H) was 36%, whereas both 7b 
and 7f with Me and CN, respectively, show 32%, and were also red-shifted to NIR with 
absorption and emission bands range of 613 to 656 nm. 

Later on, Dhar et al. reported an observed decreased in FQY of 85%, 79% and 66% for 
phenyl, thiophene and selenophene DPPs, showing green, orange and red colors (differ-
ent wavelengths), respectively (Figure 3a,b)57; such declines were ascribed to the effective 
heavier nature of sulfur and selenium atoms which favors inter-system crossing (ISC), and 
similarly their fluorescence lifetime (FL) decreased in the same way with decayed lifetime 
from 6.8, to 6.2 and 5.5 ns, respectively, for phenyl, thiophene and selenium derivatives 
[57]. Their absorption spectra show dual emission bands at 510 and 525 nm for thiophene 
derivative and then 550 and 562 nm for SeDPP-Hex, but PDPP-Hex displayed lowest en-
ergy band at 470 nm. Their fluorescence spectra displayed a bathochromic red-shifted 
emissive bands of 535, 565 and 580 nm for phenyl, thiophene and selenophene, corre-
spondingly, with displayed dual-band vibronic emission. Another quenched in FQYs was 
also reported by Wang et al. with DPPs bearing quaternary ammonium salts (QAS) used 
for investigating their levelling efficiency in copper electroplating technology. The coded 
FPs are; FDPP–QAS (55%) a furan-based, TDPP–QAS (47%) a thiophene-based and for 
selenophene-based is SeDPP–QAS (42%) shows a correspondingly similar gradual decline 
in their observed FQY which looks bright for these dyes after illuminated with UV light 
at 365 nm [58]. 
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Figure 3. Row-1: left, the DPP derivatives 1, 2 and 7a,d–f UV–vis spectral absorption in DCM (2 × 10ିହ M) at 20 °C. 7b (Me) and 7c (SMe) shows very clear comparable spectral features with 7d 
(OMe); Right-hand side, spectral features in DCM Absorption (solid line) with emission (dashed 
line, excited at 520 nm) of DPP 7b (Me) at 20 °C. Copyright, 2011, reproduced with permission from 
Reference [56]. Row-2: (a) fluorescence decay pattern of varied DPPs having dissimilar donor units. 
(b) Pictures showing varied radiating behaviors of three differently prepared DPPs illuminated un-
der (~365 nm) UV light. Copyright, 2014, reproduced with permission from Reference [57]. 

In another development later in 2015, authors of Reference [59] demonstrated an in-
tensely slight bathochromic shift at 548 and 553 nm, respectively, with FQYs of 57% and 
49% for a phenyl and thienyl DPP derivatives coded 5 and 6 having carboxylic acid at 
their terminal ends. These materials happen to reveal an intense absorption at 460 nm 
with emission at 530 nm in PBS solution of pH = 7.4 for both DPP–phenyl and DPP–thienyl 
respectively. Further modification of these dyes with a taurine-like disulfonated substitu-
ent, phenyl and thienyl derivatives coded 7 and 8 are obtained Table 2 above, and such 
optimization boosted their FQYs to 76% and 56% respectively. Upon binding these dyes 
with BSA protein, the spectral pattern of bound-dyes (BSA-7 and BSA-8), compared to 
unbound-dyes, remains the same with very high FQYs implying a fluorescence turn-on 
event, which are slightly lower by only 20% in relation to the freely unbound-dyes. How-
ever, the DPP–phenyl exhibited a bigger Stoke’s shift of 1350 cm−1 with an evident vibronic 
band sequence vividly observed in contrast to the DPP–thienyl. Their FL was found to be 
(4.5 to 6.5 ns) similar with most commonly soluble ODs. Tang et al. (2017) presents other 
FPs coded DPP1 and DPP2 incorporated with heterocyclic aryl amine flanked to the DPP, 
with each bearing another free carboxylic acid moiety for conjugation with biomolecules. 
Absorption spectrum of these dyes shows a vibronic with shoulder peaks around 565 and 
578 nm in DCM, DMSO and MeCN, nonetheless, their electronic absorption in PBS were 
slightly blue-shifted to 575 nm and conversely, their emission spectra lies mainly in far-
red region. These dyes experience a decreased FQYs in different organic solvents, were 
0.48 and 0.42 (DCM), 0.38 and 0.26 (DMSO), and 0.13 and 0.16 (MeCN), displayed for 
DPP1 and DPP2, respectively. Solvent polarity effect leads to the observed FQY decline 
from DCM to DMSO through (MeCN) [42]. Such decline in FQY was found even more 
pronounced in PBS pH 7.4 with 0.01 for DPP1 and 0.02 for DPP2 dyes, probably this is 
favored due to the hydrogen-bonding, as such leads to the generation of an electron-ac-
cepting water cages which might be possible for heterocyclic amines. However, upon con-
jugation with BSA protein, both dyes displayed a strongly enhanced fluorescence emis-
sion especially with DPP2 an 18-fold FQY increased a protein-induced fluorescence en-
hancement (PIFE), implying protein hydrophobicity to have greatly restricted bound-BSA 
of DPPs to vibrate. These findings contradict BSA-7 and BSA-8 bio-conjugation previously 
discussed here, in this section [59]. 
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2.1. Photophysical Effects of Triphenylamine (TPA) on DPP Fluorophores 
It has been established, by Cai et al., that incorporating DPP with triphenylamine 

(TPA) significantly weakens the emissive properties of the resulting material DPP–TPA 
[62], this originate after investigating the DPP–TPA PLQY to be 0.09 whereas the individ-
ual photoluminescence quantum yield (PLQY) of DPP and TPA are 1 and 0.03 respectively 
this coincides with time-resolved photoluminescence (TRPL) investigation. Accordingly, 
their FL significantly declines after conjugating to form DPP–TPA as DPPs FL was found 
to have decreased from 6.8 to 2.6 ns and for the TPAs from 2.2 to 1.2 ns. These data propose 
the establishment of an extra non-emissive decay canals which likely opened upon conju-
gation. Hence, this implied that individual fragments of these molecules are consumed 
inter-connectedly via phonon coupling and therefore produce heat. As a result, it could 
be inferred that DPP–TPA transformation from light to heat initiates as a result of the 
boosted light absorption with correspondingly decreased in emitted light after conjuga-
tion. Following this findings, Hwang et al. reported a substantial FQ of a DPP-based D-A 
π-conjugated material having Dimethoxytriphenylamine moieties (Row-1, Figure 4, 
graph)60, which resulted from the significantly induced intramolecular photo-induced 
electron transfer (PET) of the methoxy (OMe) moiety on the molecular frame of this highly 
emissive and prominent DPP fluorophore [60]. This obviously known intramolecular PET 
results greatly in quenching because it is a photo-deactivation process; thus, it affects the 
photoluminescence (PL) of this electronically donor–acceptor conjugated materials hav-
ing TPA composed of OMe moieties (M1, M2) where the PET originates. However, other 
derivatives with TPA having no OMe moieties (D1, D2) fluoresce strongly. This is the first 
time pronounced FQ from the OMe moiety via intramolecular PET for donor/acceptor 
conjugated molecules was reported. The quenching phenomena was detected in solution, 
aggregates and even solid-state as a result of PET. This is because HOMO energy levels of 
OMe-containing DPP contributed largely to the non-bonding n states, and hence, this was 
found to be higher for DPP bearing zero OMe TPA and so contributed largely for its bind-
ing states. Hence, the driving forces exert more energy for M1 and M2 in relation to D1 
and D2 with no OMe moieties. Synthesized DPPs having TPA groups existed almost non-
luminous in purely NMP solvent with 0% water, though, they exhibited an increased lu-
minous behavior of 17.4, 33, 8.3 and 6.1 FQYs at 90% water concentration respectively 
(Row-1, Figure 4a–d)60. This displayed phenomena was considered to be AIE solely due 
to the rotatable unrestricted TPA moiety. It is, therefore, clear that these synthesized DPPs 
aggregated in solution with high water concentration. Hence, the non-radiative decay was 
inverted to be radiatively emissive through restriction of intramolecular rotation (RIR) of 
rotatably free TPA motif. Interestingly, optical properties of these derivatives were stud-
ied by fabricating thin-films of D1, D2, M1 and M2, and their emission wavelengths are 
616, 611, 648 and 640 nm, respectively, with displayed FQYs of 24.8, 24.2, 12.6 and 8.6%, 
correspondingly. In solid-state in spite of the various photo-deactivation pathways like 
the intermolecular stacking and aggregates formation, likely the AIE properties of these 
prepared materials with TPA motifs acted significantly in sustaining the thin-films solid-
state emanation. 
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Figure 4. Row-1: left, designed energy levels of donor to acceptor units. Right, PL intensity of synthesized DPPs with their 
resulting optical images in NMP/H2O mixtures, using varied water contents from (0%: 10ିହ mol/L in NMP. 90%: 10ିହmol/L in NMP/H2O = 1:9 (v/v). Copyright, 2019, reproduced with permission from Reference [60]. Row-2: (a) D6C, 
(b) T2, (c) D2 and (d) M2 are the visual images with PL spectra in THF/water mixtures at varied water contents (ƒw). 
Copyright, 2019 reproduced with permission from Reference [61]. Row-3: left, visual images of D6C/PMMA, T2/PMMA, 
D2/PMMA and then M2/PMMA films. Right, Surface morphologies of DPP compound/PMMA in thin films by FE-SEM: 
(a) D6C, (b) T2, (c) D2 and (d) M2. Copyright, 2019 reproduced with permission from Reference [61]. 
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In the same year 2019, another series of DPP FPs bearing three different TPA func-
tional groups T2, D2 and M2 were prepared by the same authors [61], which were all 
studied in solution of water/THF mixture and solid films. These materials were all red-
shifted along with AIE properties (Row-2, Figure 4a–d)61, but with varied glowing prop-
erties in the red-shifted region which was due to the variation of the TPA moieties at-
tached to each derivative. Their FQY in solid-state on thin-films gave 31%, 26% and 9%, 
respectively, at emission wavelengths of 614, 611 and 640 nm for T2, D2 and M2. Their 
absorbance and PL spectra all displayed a bathochromic red-shift by certain factors, when 
compared to their spectra tested in pure THF solution. However, the observed low FQY 
in their solid films, when compared with that in pure THF (71, 68 and 2 for T2, D2 and 
M2) from Table 2, is attributed to the aggregation-caused quenching (ACQ), which origi-
nates from the planarity of the organic fluorophore aggregates, as a result of π–π stacking 
and the intermolecular interactions. As can be seen in Row-3 of Figure 4a–d61, surface 
roughness of T2 and D2 is greater, in addition to their more π–π stacks assembling with 
the intermolecular interactions. In a nutshell, their AIE develops from RIR process and 
TPA motifs, which influence the ACQ in a trade-off relationship. Thus, T2 and D2 have 
AIE properties in their solid thin-film with a very high FQY than M2. 

2.2. Sensitizers and Annihilators 
In an effort to transforming singlet fusion (SF) to triplet fusion (TF) for realizing new 

class of annihilators with DPPs, Shen et al. (2018) discovered that structural modification 
of the DPP fluorochromes indicates that DPP-based small molecules should be incorpo-
rated with aromatic units not more than one/two on either side for efficient solar cell ap-
plications. This analysis was conducted by exploiting the furan, thiophene and thiazole 
aromatic substituents flanked to the DPP core, and it was found that all DPPs attached to 
one unit with either furan, thiophene or thiazole have exhibited efficient SF [63]. Moreo-
ver, further modification of the flanked aryl unit to the DPP fluorophore with either elec-
tron-donating or -withdrawing groups results in decreasing the energy band gap. Re-
search findings revealed that attaching electron-donating groups to the flanked aromatic 
rings at α or β positions, like Me, produces an endothermic SF DPP material, whereas an 
attached electron-withdrawing group like F, at the same positions, generates an exother-
mic SF DPP. 

Recently Chakali et al. presented a covalently linked charged-separated state SF by a 
newly synthesized BT–DPP–TPA(7) asymmetric molecule, composed of triphenylamine 
(TPA) and benzothiophene (BT) as donors with the acceptor unit DPP having thiophene 
spacer [5]. The ultrafast relaxation dynamics of such triad molecule was discovered by 
solution phase via a femtosecond transient absorption spectroscopy. A significant FQ of 
the DPP in the triad molecule was discovered via steady-state and time-resolved emana-
tion studies. The optimized triad DPP molecule, owing to its facile redox potential gener-
ated a highly exothermic system, influences the formation of a moderately quicker photo-
induced charged separation (CS) with a relaxed charged recombination (CR) processes 
(existence of a long-lived charged separated state). Reduction of PET takes place after pho-
toexcitation of DPP moiety in the triad molecule from TPA ground-state to DPP’s excited 
singlet state which leads to the CS process. It is worth noting, that BT–DPP–TPA(7) par-
take for the first time to solution phase SF with concentration above 100 µm from 100 to 
200 ps time scale. The CS rate was found to be between 109 and 108 sିଵ, which rises up on 
moving from non-polar to polar solvents. On the other hand, CR happens to be very slow 
in nanoseconds in all solvents. It is therefore anticipated to note that photoexcitation of 
this novel triad molecule BT–DPP–TPA(7) to produce a longed-lived CS state which at the 
same time undergoes SF and, hence, serves as an SF sensitizer. 

Following efforts by Pun et al. to develop new class of annihilators with DPP (a tun-
able upconversion emission), from SF to TF—in other words, triplet–triplet annihilation—
DPP shows promising potential to generate new annihilators. This was demonstrated in 
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a report about optimization of the suspended aryl substituents flanked to the DPP fluor-
ophore resulting in altering the DPP’s singlet energy to TF. This discovery denotes a leap 
in understanding how triplet fusion upconversion (TFU) mechanistic pathways are influ-
enced by the molecular structure of the DPP molecules via chemical interaction. It was 
well documented that ~1.15 eV is the DPP’s triplet excited-state energy; however, their 
singlet excited-state depends solely on the aryl groups flanked to the DPP chromophore 
since such substituents varied for diverse derivatives. As a result, 8 differently DPP-based 
FPs bearing dissimilar aryl units were successfully synthesized in order to assess the in-
fluence of varied aryl groups in modulating their singlet-energy-state to TFU output light 
as seen in (left, Figure 5A,B)64 [64]. These materials show decreased steady-state optical 
energy gap as evidence from their observed regular red-shifted absorption onset which 
serves as proof for the optical energy gap shrinkage. DFT further confirms DPP triplet-
energy-state to be ~1.15 eV, implying TFU for 1 and 2 derivatives not feasible as their 
singlet energies are 2.40 and 2.34 eV (above 2.3 eV); however, TFU was possible from 3 up 
to the 8 derivatives as their singlet energies are 2.3 eV lower (this is as a result of these 
values being lesser than double the DPP’s triplet energy). The upconversion quantum 
yields (UQY) event for these molecules could be endothermic or exothermic which relies 
solely upon the nature of the flanked aryl unit attached to the DPP chromophore. Their 
TFU were tested using prominent sensitizing agent of (PdPc that absorbs in the NIR) by 
undergoing intersystem crossing (ISC) to produce triplet with ~1.3 eV sufficiently enough 
for DPP energy transfer. The study showed that three to eight annihilators exhibited sin-
glet energies of 2.21, 2.16, 2.08, 2.00, 1.95 and 1.90 with corresponding UQY of 3.2, 0.91, 
0.50, 0.55, 1.8 and 1.1, respectively (right, Figure 5A,B)64. The strength of electron-donating 
property of the aryl substituent is of high significance as strong electron-donating aryls 
result in lowering the optical energy band gap, thus, implying a singlet energy reduction 
with correspondingly low-energy PLQY. DPP material 3 displayed the largest UQY value 
of 3.2%, lower than 5.5% for commonly used annihilators of rubrene. However, DPP ex-
hibited an appreciable stability in ambient condition, thus making DPPs tougher in rela-
tion to acene-derivatives as their oxygen content makes them more prone to oxidation. 
Therefore, these findings clearly outlined the DPPs’ extreme stability compared to acenes 
and can be utilized in developing newly innovative annihilators for TFU. 
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Figure 5. Left, (A) chemical structures of used DPP molecules in this work. (B) Normalized absorption spectra of the 
synthesized DPPs (1−8) in toluene. Right, (A) normalized UCPL of molecules from 3 to 8 (blue, cyan, green, yellow, orange 
and red, separately) in toluene, excited by a 730 nm laser-diode, using a 700 nm short-pass filter. Black spectrum is the 
normalized absorption of PdPc (sensitizer) in toluene. (B) Is the UCPL pictures of small molecule DPPs 3−8. Copyright, 
2019, reproduced with permission from Reference [64]. 

3. Solid-State Fluorescence of DPPs with Their Aggregation-Induced Emission En-
hancement (AIEE/AIE) in Solution and Water 
3.1. Solid-State Emission 

Fluorescence in solid-state is of paramount importance in organic optoelectronics sci-
ence, this is because organic fluorophores are an integral components of organic light 
emitting electronic devices like (OLEDs), solar cells [65], etc., as such applications needs 
such fluorophores to be fabricated into compacted solid films [66]. Therefore, the possi-
bility of organic fluorophores to come together and aggregate to form solid films is the 
fundamental basis of aggregation-caused quenching (ACQ) phenomena, which signifi-
cantly limits their biological applications like bio-imaging, as well as their organic elec-
tronics technological advancement. 

3.1.1. Aggregation-Induced Emission Enhancement (AIEE/AIE) 
In 2010, the authors of Reference [67] described four differently synthesized DPP FPs 

bearing distinct electron-donating groups attached to the phenyl-ring flanked to the DPP 
core via cross-coupling reaction (Graphical figure 6)67, and these prepared DPPs are capa-
ble of displaying a red-shifted absorption and emission in solutions (Figure 6 spectra, 
left)67. These materials show apparently high FQYs in solutions of CHCl3; however, only 
derivative bearing butoxyphenyl DPP was found emitting strongly in the solid-state, with 
an observed FQY of 0.45. This is because the conjugation system in butoxyphenyl DPP is 
probably higher compared to its solution phase which is ascribed to the material’s packing 
forces in the solid-state, hence preventing reabsorption of emitted photons due to high 
Stoke’s shift that originated from the lengthy conjugated system which is likely the reason 
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why its FQY been highly displayed in solid-state. Therefore, the stretchable butoxyphenyl 
DPP aggregated in solid-state possibly because of its lengthy conjugated network to DPP 
fluorophore coupled with the biphenyl functionality. Therefore, such attached substitu-
ents to the phenyl-ring affects the chemical properties of these DPP chromophores both 
in solution environment and solid-state greatly. 

 

 
Figure 6. Row-1: Molecule structures of prepared fluorescent DPPs 1–4. Row-2: Left, their spectral emission (a) in CHCl3 
and (b) in solid-state. Copyright, 2010, reproduced with permission from Reference [67]. Right, thin-film X-ray diffracto-
gram deposited on silicon wafers of the three prepared DPPs. Copyright, 2014, reproduced with permission from Refer-
ence [57]. 

In order to get more light for AIE DPP FPs, a chain of three different derivatives with 
various substituent groups at 2,5 and 3,6 positions of the flanked DPP core (Scheme 2A)51 
were prepared a year later 2011 by authors of Reference [51], in that the molecules π-
conjugation along with their alkyl-chains shows great influence on the central DPP fluor-
ophore unit during emission in solution and solid-state. Only 2,5-Dialkyl-3,6-bis(4-((10-
oxoanthracen-9(10H)-ylidene)methyl) phenyl)pyrrolo[3,4-c]pyrrole-1,4-dione series de-
rivatives exhibited AIEE and crystallization-induced emission enhancement (CIEE). It 
was found that, 4a-c materials are all AIEE active both at 70% H2O/THF solution mixture 
which are 55-fold higher compared to pure THF solution. However, the AIEE decreased 
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from 56 to 5 with increased water content from 70% to 90%, which was due to the mor-
phological changes of the aggregate states in aqueous media. Below 70% water content 
fluorophore molecules slowly aggregates, thus forming more crystals with less amor-
phous aggregates but above 80% water content more amorphous aggregates are formed 
with lower proportion of crystals. In solid-state AIEE is much stronger than in solution 
which originates from their particle size and degree of crystallization that depends solely 
on the 2,5 substituents. Thin-film emission spectra of 4a material revealed to be CIEE ac-
tive, this was observed through fumigation-induced emission (FIE) where 4a thin-film 
was fumed with CH2Cl2 vapor; afterwards, structural morphologies of non-fumed and 
fumed films were investigated, using polarization light microscope (POM), and it was 
confirmed that the enhancement in emission develops from the FIE, as untreated film dis-
played a uniformly dark shade under POM (Row-1, Figure 7A,B)51. 

 

 

 



Chemosensors 2021, 9, 44 19 of 44 
 

 

Figure 7. Row-1: left, (A) 4a spectral emission in H2O/THF mixture. (B) Graphical representation of I/I0 against water 
fraction (fw) in H2O/THF mixture. I0 and I are the 4 highest fluorescence intensity in THF and H2O/THF mixtures (10 mM), 
correspondingly; excited at (560 nm 4a), (520 nm 4b), and for 4c is 552 nm. Right, spectral emission for amorphous 3a (λex 

= 450 nm) while 4a (λex = 560 nm) is for crystalline films chromophores. Copyright, 2011, reproduced with permission from 
Reference [51]. Row-2: (a) evaluation of the normalized DPP3 (a,b) and DPP4 (a,b) dyes absorption spectra in CHCl3. (b) 
Evaluation of the normalized DPP3a dye absorption spectra in varied solvents and, on thin-film. Row-3: (a) evaluation of 
the normalized fluorescence spectral emission of prepared DPP dyes in CHCl3 (b) Evaluation of the normalized fluores-
cence spectral emission for DPP3a and DPP4a dyes on thin-films (λexc = 485 nm). Copyright, 2019, reproduced with per-
mission from Reference [68]. 

Following such development, in 2019, another four novel DPP-based FPs coded as 
DPP3a, DPP3b, DPP4a and DPP4b were prepared and experimentally studied both in so-
lutions of (chloroform, acetonitrile) and solid-state (thin-films) [68]. All the dyes are some-
what blue-shifted and displayed a very low-lying broad band about 600 nm in chloroform 
solution (Row-2 images)68, this striking feature is attributed to the ICT that arises between 
the DPP core and indole ring unit. However, the observed red-shift at 600 nm in more 
planar MeCN solution was not identified. Such interpretations are consistent in consider-
ation to the poorer polarizability of the dyes excited states with regards to their ground 
state in the tested solvent, and this consequently raises the LUMO of these dyes which 
hindered charge transfer from indole ring to the central DPP core unit. Absorption spectra 
of DPP3a and DPP4a are red-shifted in studied solutions compared to DPP3b and DPP4b, 
this is due to the induced resonance by the attached ethylhexyl to the ring systems of 
DPP3a and DPP4a by donating their electrons to the nitrogen atom of the DPP via sigma 
bonds. Similarly, these derivatives move slightly red-shift when testing their solid thin-
films (to about 4–19 nm) in relation to their absorption spectra in solution, thus implying 
the existence of π–π* interaction which resulted from the occurred molecular packing in 
their solid-state. 

Accordingly, emission spectra for all the synthesized dyes were also studied, and the 
DPP core displayed only two major emissive bands from 514 to 598 nm after excitation at 
485 nm in solutions (Row-3, Figure 7a,b)68; however, their emission maxima changes ac-
cording to the polarity of the used solvent along with the attached side-chain nature. Only 
DPP3a moves slightly red-shift among these dyes in solutions of chloroform and MeCN. 
Correspondingly, the emission spectra of DPP3a and DPP4a were tested on coated thin-
films and displayed similar emission profiles. Moreover, even more interesting, is the fact 
that they move more easily and largely red-shift compared to their emission spectra in 
solution phases. This shows that DPP3a and DPP4a forms aggregate in solid-state with 
pronounced fluorescence property, suggesting its potential as AIE. 

Presently, Tao et al. reported three DPP small molecule FPs based on furan pos-
sessing an unsymmetrical fluorochromes structures of D-A-D-π for ICT characteristics 
[69]. The molecules are coded F1, F2 and F3, in that these dyes absorption and emission 
spectra displays an ACQ event in solution of THF/H2O mixture. It is anticipating to note 
that dyes F1 and F3 displayed an AIE property in solution of DMSO/toluene mixture, 
whereas F2 DPP dye optimized with pyrene still shows an ACQ character. At the begin-
ning, fluorescence intensity of F1 decreases and later increases stepwise; however, for F3, 
the intensity increases with increased toluene content in the DMSO/toluene solution mix-
ture. The reason behind this possibly is due to the presence of two clear hydrogen-bond 
interactions which exist between the diketone oxygen atom with the β-hydrogen atom of 
the furan unit, which leads to enhanced molecular rigidity, and that were damaged in the 
THF/H2O mixture. Possibly the observed AIE is likely ascribed to the RIR by the hydro-
gen-bonding. Furthermore, the energy band gaps 2.30, 2.29 and 2.35 eV for F1, F2 and F3 
correspondingly, gave us an insight that the incorporation of unsymmetrical furan-based 
containing DPPs to significantly reduce the HOMO–LUMO gaps. 
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3.1.2. Molecular Packing Mode and Self-Assembling 
As a result of the promising nature of organic molecules self-assembly in enhancing 

their supramolecular architecture and morphology in solid-state for optoelectronics ap-
plication [70], a DPP-based FP bearing an amphiphilic unit was designed and synthesized 
(DPPamphi) (top, Figure 8a)71 by Mei et al. and has shown a little bandgap energy of 1.6 eV 
[71], with good assembling in solution and bulk (top, Figure 8b)71. Absorption spectra of 
(DPPamphi) displayed broad absorption peak at ~750 nm (bottom, Figure 8a)71, with a cor-
responding change in color from blue to purple (DPPamphi solution in good solvent THF 
poured to poor solvent hexane), thus implying the presence of a robust exciton interac-
tions with establishment of π–π stacks. A peak at 680 nm illustrates the stoichiometric 
conversion of free molecules into aggregates. The DPPamphi was found emissive in solu-
tions of good solvent (THF); however, it was non-emissive in its thin-films (solid-state). 
This can be explained from the fact that the strongly π–π stacking usually results in non-
emitting crystalline materials due to prohibited little exciton shift. Thus, the solution study 
revealed the capability of DPPamphi to self-assemble into extremely ordered nanostructures 
possibly via solvophobic effects and π–π interactions synergistically. 

 

 
Figure 8. Top: (a) DPPamphi, molecule structure, (b) DFT-optimized geometry space filling proto-
type (atomic colors), (c) DSC thermos-gram (kJ molିଵ), and (d) DPPamphi polarized light micros-
copy at 170 °C (while on shearing). Bottom: (a) DPPamphi absorption spectra in methylcyclohexane 
(2.2 × 10ିହM, at 30 °C) for 45 s; (b) AFM morphology in tapping mode (20 × 20 µm) of DPPamphi 
put onto mica. Copyright, 2011 reproduced with permission from Reference [71]. 

In another study by Dhar et al., the effect of electron-donating phenyl, thiophene and 
selenophene group were studied for PDPP-Hex, TDPP-Hex and SeDPP-Hex derivatives 
correspondingly via single crystal X-ray diffraction technique and have shown highly or-
dered crystalline pattern (Figure 6, right)57 [57]. The study revealed a feebler intramolec-
ular interaction for PDPP-Hex which results from the bulk repulsion of phenyl-ring ortho 
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hydrogen with neighboring alkyl-chain hydrogen atoms and consequently leads to unfa-
vorable torsional angle for PDPP-Hex. Conversely, thiophene and selenophene DPPs pre-
sents a slithered assembling connection with efficiently stabilized π–π orbital overlap to 
the central DPP acceptor unit for S and Se donors. SeDPP-Hex exhibited powerful diffu-
sion with great polarizability which was indicated from the significantly varied and al-
tered C-X (X = S, Se bonds) for S…O and Se…O spaces. Moreover, this discrepancy greatly 
affects the optical band gap and molar absorptivity which increases from phenyl through 
thiophene to selenophene derivatives. As selenium is less electronegative (2.55) in relation 
to sulfur (2.58) with the additional lower aromaticity of selenophene compared to thio-
phene, this makes selenophene-ring to act as a strongly electron-donating moiety and this 
leads to significant stabilization of the excited-state of SeDPP-Hex. Likewise, the d-orbital 
delocalization is considered to be higher for selenium than in sulfur which resulted from 
the larger and sufficiently diffused d-orbital of selenium, this again indicates the observed 
maximum molar absorptivity of SeDPP-Hex derivative. 

High device performance largely depends on the solid-state packing mode of mate-
rials precisely the well-defined molecular structures of small molecules and polymers. For 
this reason, Pang et al. tested three DPP-based organic small molecules of DPPCC, 
DPPBN-O and DPPBN-I (Scheme 1c)50 above, by exchanging C-C of terminally incorpo-
rated fluorine unit to the DPP acceptor with polar B←N moiety with varied orientation 
[50]. As B←N and C-C bonds are isoelectronic to each other, this refined structural modi-
fication, changing the electronic features with further extra intermolecular dipole–dipole 
interactions, which results from the anionic and cationic characters of boron and nitrogen 
atoms, respectively. Optical absorption and fluorescence spectral changes of these mole-
cules in solution and thin-films shows an intense broad absorption band from 470 to 700 
nm which was recognized from the ICT, and such observed bathochromic red-shift by the 
solid thin-films was ascribed from the intermolecular interactions. Solid films thermal an-
nealing of the inward and outward DPPs exhibited a predominant J-aggregation (head-
tail π–π stacking); however, DPPCC displayed H-aggregates (molecules stacked in a face-
face orientation). In 2015, Ghosh et al. presented three differently designed DPP FPs of-
fering electron-withdrawing nature in good yields (Figure 9, left)72. Thin-films absorption 
spectra of these derivatives showed a broad absorption between 600 and 700 nm with an 
onset at 750 nm (Figure 9, right)72. These material thin-films were red-shifted by ~40 nm, 
compared to their spectra in solution; however, DPP–ES and DPP–AM were greatly red-
shifted due to the presence of electron-withdrawing property of CN groups in relation to 
DPP–BZ [72]. 

 
Figure 9. Left, synthesized DPPs Structure. Right, synthesized DPPs absorption spectra as thin-films. Copyright, 2015, 
reproduced with permission from Reference [72]. 



Chemosensors 2021, 9, 44 22 of 44 
 

 

Recently Brimble et al. reported the biological application of self-assembled mono- 
with a cross-linked thiophene–diketopyrrolopyrrole (a peptide-TDPP) systems by conju-
gating with octapeptide HEFISTAH [73], and investigated their photophysical features in 
different environment (solution, gel, solid films). These materials demonstrated fibrous 
morphological nanostructures by AFM, SEM and develops hydrogels at neutral pH in 
water (4 wt%), but abortive to assemble at pH 2 and 9 in (acidic and basic solutions). The 
formed hydrogels serve as strong proof of the peptide assembly, as they are made at such 
a minimum concentration. UV–Vis absorption spectra of these synthesized bio-organic 
materials named two and three in solution phase strongly conform to the materials spectra 
in solid thin-films by displaying relatively similar spectral changes (Figure 10a,b)73, hence 
implying that their chromophore structures are well-packed and maintained in solid-state 
(Figure 10c)73. Therefore, it could be inferred that solution-phase probes for self-assem-
bling can be utilized in projecting the solid-state features of such bio-organic components. 

 

 

 

Figure 10. Left, two (a) and three (b) normalized spectral absorptions at 0.05 mM concentration with pH of 7.0. (c) Illus-
trative H-aggregates of TDPP with perfectly stacked face-to-face molecules orientation, rotating counterbalance to each 
other. Right, thin-films spectral absorptions of two (orange) and three (blue). Copyright, 2020, reproduced with permission 
from Reference [73]. 

3.1.3. Solid-State Detection of Fluoride Ion 
Detection of fluoride anion F- capability with a synthesized probe 2a (Figure 11a,b)74 

in solid-state, using test strips and glass thin-films, was explored by authors of Reference 
[74], through dipping of the strips and glass films in an arranged solutions of 2a in (1 wt%) 
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THF for strips. They also fabricated a glass thin-film via spin-coating (1500–2000 rpm) in 
a similar THF solvent with the same concentration (1 wt%) that was allowed to dried in 
air. Probes 2a and 3a have an indigo and dark purple color, respectively. Subsequent dip-
ping of 2a in solution of F − (10−5M) changes its color from indigo to dark purple for both 
strips and glass films. The resulting dark purple color corresponds to the color of probe 
3a with no trimethylsilyl moiety, hence confirming 2a to effectively detect F- in solid-state. 
This further indicates the imminent readiness of 2a for optical solid sensors application 
vividly. The detection mechanism of probe 2a results from the strong electron-affinity of 
fluoride anion towards silicon which is obviously known; this interaction leads to the 
cleavage of the Si-C bond of 2a and subsequently gives out probe 3a another fluorescent 
molecule. It shows slight blue-shifted emission at 604 due to its interaction with F-, 

whereas an untreated 2a emits at 617 nm. This experienced red-shifts emission is favored 
from the trimethylsilyl donating group. 

  
Figure 11. Designed method, molecule arrangement, and detection mechanism of fluoride anion by probe 2a and 2b. Pic-
tures of probe 2a, and then its interaction with F ି and compound 3a on (a) filter test strips and (b) glass film. Copyright, 
2014, reproduced with permission from Reference [74]. 

4. Probes for Molecular/Bio-Imaging Applications 
Biomolecules are the famously known endogenous biomaterials secreted internally 

within an organism’s biological system. Moreover, the biomaterials consist of proteins, 
carbohydrates, lipids and nucleic acids, in addition to primary and secondary metabolites 
along with other natural products. Generally, biomolecules are organic materials com-
posed of oxygen, carbon, hydrogen and nitrogen as their major building block constitut-
ing about 96% weight of human body with trace amounts of other components, like bio-
metals, in it. Biomolecules recognition is necessary because their chemical composition, 
biochemistry and interactions in the biological system reflect the physical and physiolog-
ical functions (well-being or abnormality) scientifically. Therefore, such integral compo-
nents are being detected and monitored concurrently, using different strategies in 
healthcare units. 

Two-photon fluorescence microscopy (2PFM) presents a significantly deep tissue 
penetration (>500 µm) [16], and hence it serves as a promising platform for biomolecules 
recognition, bio-imaging, therapy, etc., due to its noninvasiveness in biosensing of living 
cells and tissues. This results from the recently explored numerous reports of luminescent 
conjugated DPPs by studying their two-photon excitation/absorption behaviors in the bi-
ological system. The conjugated framework of this strongly acceptor core unit of DPP in-
corporating various donor groups were explored and have shown advancement in real-
izing an efficiently two-photon FPs. As a result, two-photon DPP FPs demonstrated valu-
able TPA cross-sectional values ranging (500–3000 GM) and above, hence indicating their 
potent deep tissue penetrability for imaging application to detect cancer/tumor diseases, 
and in some cases, they were even reported to have destroyed such cells. 

4.1. Probes for Biomolecules Detection 
As water-solubility remains challenging for biosensing and bio-imaging of DPP-

based FPs, this restrict their practical application in biological systems. This motive lead 
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Heyer et al. to developed a highly water-soluble bio-conjugate DPPs (Figure 12, the 
scheme)59 for BSA protein (50–100 mg/mL) from the exposed carboxylic acid linker that 
fluoresce strongly by using the strangely taurine-like disulfonated (7, 8) and tetrasul-
fonated (9, 10) linkers [59]. This study revealed that substituting phenyl with thienyl do-
nor unit shifts the DPP’s emission more to NIR around 600 nm. The binding interactions 
of 7 and 8 with BSA protein indicate (1) aggregates composed of dye-BSA-bound mole-
cules are not formed, (2) the DPP dyes are not perturbed by the protein environment and 
(3) possibly these dyes are embedded at the peripheral surface of the BSA proteins as de-
picted in (Figure 12, the spectra)59, because the absorption and emission of the freely un-
bound-dyes to that of bound-dyes displayed clearly good matching in aqueous media. 
Hence, it is worth noting that these optimized water-soluble organic fluorophores dis-
played valuable features that are rarely stated from the literature. Accordingly, certain 
stained amount of the BSA conjugates are studied through epifluorescence imaging mi-
croscopy (second-row figure 12, left)59by exploiting fluorescein isothiocyanate (FITC) and 
rhodamine-B-specific for phenyl and thiophene DPPs respectively. Curiously, low limits 
of detection in the range of 80–300 molecules/µm2 are observed for these BSA bio-conju-
gates. However, DPP–phenyl showed weaker emission and its limit of detection was 
higher by one order of magnitude compared to the DPP–thienyl conjugate. As mostly re-
ported DPP FPs suffers the ACQ effect resulting from π–π conjugation interactions along 
with their hydrophobic nature, these properties also greatly limit their bio-imaging appli-
cations. Tang et al. addressed this issue by developing two newly water-soluble probes 
DPP1 and DPP2, in that, BSA displayed a very significant PIFE after binding with DPP 1 
and 2 materials through their terminally exposed carboxylic acid moieties [42]. This real-
ized fluorescence turn-on event results from the existence of hydrophobic and hydrogen-
bonding interactions between the synthesized dyes and BSA molecules through binding 
with the freely exposed carboxylic acids of these dyes, which consequently protect their 
fluorophore far away from quenchers like ions, thiols significantly thereby stabilizing the 
optimized DPP fluorophores. This is attributed to the obviously known serum albumen 
ability in binding and moving of different ligands to particular positions. Buffer solutions 
at (pH = 7.4) of DPP 1 and 2 show pathetically weak emission. A low cytotoxic effect was 
experienced, as over 80% of viable cells endured 20 h incubation period after culturing 
even at 100 µm in vitro when tested with HTC-116 cell via MTS assay, thus serving as an 
excellent luminous contrasting agent. These probes emit in NIR after 810 nm excitation 
wavelength using 2PFM, hence functioning as valuable materials for nonlinear optical im-
aging application. This confocal fluorescence imaging revealed DPP1 and DPP2 as per-
meable probing agents to cells requiring no any permeabilizing agent. This was examined 
as a result of strongly observed emission from one-photon with the further observed large 
two-photon signal-to-noise ratio, which all originated from the PIFE of these dyes after 
binding to the cytoplasmic proteins (second-row images 12a-i)42. 
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Figure 12. First row: left, synthesized molecules of water-soluble DPP-dyes. Right, absorption, fixed emissions at 550 nm 
for BSA-7 (top), 590 nm for BSA-8 (bottom) excited at 450 nm, in PBS at 258 °C (labeled using 15 equivalent at pH 7.0). 
Copyright, 2015 reproduced with permission from Reference [59]. Second row: left, a 3D colored epifluorescence micro-
scopic imageries using specific rhodamine-B excited between 510 and 550 nm with emission wavelength of 590 nm, spot-
ted with individual certain quantities of BSA-6 and BSA-8 all leveled using 30 equivalent with pH 7.0 of these conjugates. 
Copyright, 2015 reproduced with permission from Reference [59]. Right, HCT-116 cell confocal fluorescence images of 
(controlled, (a–c)) cultured using (25 µM, (d–f); 50 µM, (g–i)) of DPP1. (a,d,g) DIC and (b,e,h) are all 1PE (excited at 562 
nm), while (c,f,i) are 2PE excited at 810 nm, in the absence of dye, cultured by using 25 and 50 µM of DPP1, correspond-
ingly. Copyright, 2017, reproduced with permission from Reference [42]. 

Later, in 2018, the authors of Reference [28] tested ratiometric FPs for biorecognition 
of esterase enzymes by incorporating 4-bromomethyl-phenyl acetate with pyridinium-
coated DPP fluorophore unit and a DPP–AM derivative was developed. This novel mate-
rial exhibits strongly red emission at 655 nm due to ICT upon addition of esterase enzymes 
onto the DPP–AM, the ICT was destroyed as a result of acetyl ester bond cleavage through 
enzymatic hydrolysis, and thus changes the fluorescence spectral properties from red to 
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yellow emission (blue-shifted 551 nm) with 9.51 × 10ିହU/mL limit of detection in vitro 
(Row-1, Figure 13 left)28. 

 

 

 
Figure 13. Row-1: left, DPP–AM molecule structure with its offered detection mechanism for esterase. Right, Live (A–C) and Dead 
(G–I) TPC1 cells fluorescent images marked using DPP–AM (10 µM) for 45 min, while (D–F) pretreated TPC1 cells using AEBSF 
(0.8 mM) for 60 min followed by additional 45 min incubation with DPP–AM (10 µM). Yellow canal (525–585 nm), red canal (625–
685 nm) excited at 490 nm. Copyright, 2018 reproduced with permission from Reference [28]. Row-2: (A) DPP–AM (10 µM) absorp-
tion spectral before (left) and after Esterase (0.1 U/mL) addition (right) in DMSO/PBS (DMSO: PBS = 2:8, v/v, pH = 7.4) for 20 min. 
at 37 °C. Inset: photo displaying the optical DPP–AM colors while testing under visible light. (B) DPP–AM (10 µM) with 0–0.1 
U/mL esterase fluorescence spectral emission for 20 min. at 37 °C. Inset: photo displaying the optical DPP–AM fluorescent colors 
while testing under 365 nm UV light, excited at 490 nm. Row-3: (A) line graph of R against Esterase concentration in the range of 0–
0.08 U/mL, excited at 490 nm. (B) Fluorescence response of DPP–AM (10 µM) to various analytes at certain solution or mixture con-
centrations excited at 490 nm. Copyright, 2018 reproduced with permission from Reference [28]. 
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Even more interesting, is the fact that DPP–AM clearly differentiate live from dead 
cells, where its yellow emission designates live cells existence while red emission signifies 
the existence of dead cells (Row-1, Figure 13, right)28. This findings, affirms that DPP–AM 
possess substantial capability to assess the activity of esterase enzymes as great esterase 
activity was experienced for live cells and such activity was insufficiently discovered for 
dead or wounded cells. The spectroscopic response of resulting derivative (DPP-AM) ex-
hibits a 520 nm absorption (blue-shift) clearly seen with naked eyes (Row-2, Figure 
13A,B)28. Accordingly, its emission spectra show red emission 655 nm FQY = 0.41, without 
esterase, and a subsequent addition of esterase makes it (551 nm FQY = 0.67) blue-shift 
with an enhanced FQY. In addition, DPP–AM showed a sensitive and selective esterase 
detection in the presence of numerous interfering analytes of inorganic salts, reactive ox-
ygen species, amino acids and different proteins, thus accentuating its effectiveness in 
monitoring of esterase enzymes (Row-3, Figure 13A,B)28. 

4.2. Probes for Photodynamic/Photothermal Therapy 
Fluorescent DPPs shows therapeutic/theranostic functions as well, as various DPP-

based FPs proves promising to trace biomarkers like mitochondria staining, detect can-
cer/tumor tissues via numerous approach such as bio-imaging using photoacoustic imag-
ing (PAI), photodynamic therapy (PDT), photothermal therapy (PTT) and lots more. Pres-
ently most widely used theranostic systems largely shows much dependence on fluores-
cence, yet efficient light penetration depth and background autofluorescence limits their 
investigative accurateness. The PAI, a spatially distributive with great persistence tech-
nique and profound tissue penetrating bio-imaging technology, can effectively realize a 
3D tumor imaging in clinical research for biomedical applications. As obviously known, 
PDT and PTT combination in one strategic platform generate problems of time elongation 
therapy with systemic side-effects to patients as varied excited wavelengths are needed to 
generate the required energy (ROS/heat) for this synergistic system to work efficiently. 
Therefore, developing a new and single module healing agents with NIR absorption to 
grasp PAI-guided PDT/PTT which can significantly boost efficient, safe and accurate ther-
apy of cancer is highly commendable. For this reason, Cai et al. offered an innovative sin-
gle component DPP-based DPP–TPA organic nanoparticles (NPs) with typical donor unit 
of triphenylamine (TPA) for cancer therapy [62], and have shown a vivid tumor destruc-
tion in mice via the PAI-guided synergistic effect of PDT/PTT in vivo at even lower dosage 
of (0.2 mg/kg) (Row-1, Figure 14c)62, after illuminated at (660 nm 1.0 W/cm2) with laser 
through enhanced permeability and retention (EPR) effect with this novel material. Ac-
cordingly, in vivo and in vitro investigation exposed this single component to have gen-
erated ROS and heat, required parameters for efficient theranostic analysis for this syner-
gistic PDT/PTT, with very fast tumor targeting within 2 h (Row-2, Figure 14a,b)62, thus, 
aiding significant inhibition of tumor growth (Row-2, Figure 14c,d)62. Moreover, the ma-
terial displayed appreciably great photothermal conversion efficacy of (η = 34.5%) with 
admirable singlet oxygen (1O2) production (ΦΔ = 33.6%) under same laser illuminated con-
dition. Additionally, ex vivo histology study shows no visible tissue damage or any no-
ticeable side-effect of the examined main body organs on hematoxylin and eosin (H&E) 
spotted slices for heart, liver, spleen, lungs and kidney, hence, implying the safe and effi-
cacy of DPP–TPA NPs with its capability to destroy cancerous tumor cells as clearly seen 
below. 
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Figure 14. Row-1: (a) comparing tumor sizes with time for different remedy assemblies. (b) Variations in body mass with 
time for different remedy assemblies. (c) Mice images when curing for 16 days. Copyright, 2017, reproduced with permis-
sion from Reference [62]. Row-2: (a) malignant tumor sites PAI after vaccinating cancerous mice with DPP–TPA NPs (0.2 
mg/kg, n = 4) intravenously. (b) In vivo PA intensity matching at various time interval. (c) Three-dimensional malignant 
tumor positions PAI for 0 and 2 h post-treatment. (d) Infrared photograph positions of vaccinated cancerous mice with 
PBS and DPP–TPA NPs illuminated at varied time intervals for 2 h. Copyright, 2017 reproduced with permission from 
Reference [62]. 

Similar collaborative research groups later, in 2019, described another novel (DPP-
BDT) a small molecule FP (Row-1, Figure 15)12 with exceptionally pronounced PDT and 
PTT therapeutic performance with a featured absorption and emission ranging (650–1700 
nm) for NIR-I and NIR-II windows respectively [12]. This novel organic small molecule 
was engulf with an amphiphilic DSFE–mPEG5000 which successfully resulted to a devel-
oped multi-functional phototheranostic nano-agents that were found soluble in water, ex-
ceptionally biocompatible with high photostability. As PDT and PTT efficacy arouses 
greatly from hypoxia microenvironment near the tumor cells along with attained thermal-
resistance lingering cancer cells characteristics, which cripples the therapy efficiency with 
either PDT or PTT. Therefore, of significant advantage is the dual-modal imaging of 
PDT/PTT as an alternative platform for circumventing these mentioned challenges with 
positive outcome. Cell viability studies (Row-2, Figure 15a,b)12 for separately stained live 
and dead cells in dark environment with DPP–BDT displayed wide green emission after 
incubating Hela cells (Row-2, Figure 15c)12, thus proving the anticancer efficacy of this 
novel material, as a negligible cytotoxic effect was exhibited by the DPP–BDT NPs. Aiding 
from the dual-modal imaging of NIR-II fluorescence/photoacoustic (Row-3, Figure 
15a,b)12 steered from the combined PTT/PDT treatment, outstanding capabilities for tumor 
cells destruction were observed (Row-4, Figure 15a–d)12 by this nano-agents through in 
vitro and in vivo analyses after laser irradiation with a single wavelength. Accordingly, 
strongly red emission was vividly shown, thus, strengthened the material’s NPs high light 
cytotoxic effect for cancer therapy. Furthermore, the DPP–BDT NIR-II FQY was found to 
be 0.52% peaked at 980 nm. Moreover, no visible tissue damage was observed from inves-
tigative study of the (H&E) spotted slices for heart, liver, spleen, lungs and kidney as well, 
therefore again strengthening the promising biomedical therapy of this novel DPP–BDT 
NPs innoxious to these delicate human biological tissues. Thus, this finding indicates po-
tentials of DPPs NPs as effective healing agents for cancer/tumor destruction via PDT/PTT 
with negligible side-effect. 
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Figure 15. Row-1: DPP phototheranostics molecule used for NIR-II fluorescence/PAI along with im-
mediate PDT/PTT combined effect remedy Copyright, 2019 reproduced with permission from Ref-
erence [12]. Row-2: (a) DPP–BDT NPs compatibility tests on NIH-3T3 purely normal cells. (b) Cyto-
toxic effect assays (c) Live and dead HeLa cell assays cured with and without DPP–BDT NPs irra-
diation. Copyright, 2019 reproduced with permission from Reference [12]. Row-3: (a) fluorescence 
images of NIR-II, (b) Variations in NIR-II signal intensity, (c) PAI (d) PA signal deviations of intra-
venously injected DPP–BDT NP to HeLa tumor-bearing mice. Row-4: (a) growth curves for differ-
ently treated malignant tumor cells. (b) Malignant tumor photographs and (c) weights of differently 
treated malignant tumors during treatment. (d) Body-weight changes of differently treated groups. 
Copyright, 2019 reproduced with permission from Reference [12]. 

The photosensitizing and photothermal effects of DPPs in combating tumors/cancer 
therapy (phototheranostics) were also recently reviewed [2,75], along with their ease of 
modification, exceptional photophysical features (high FQYs, superb thermo-stability and 
photostability). 

4.3. Prostate Cancer Probes 
In another development (2019), by the authors of Reference [76], DPP FPs also proved 

to be promising towards prostate cancer tissues recognition and capable of discriminating 
between live and dead tissues in vivo; this was observed following the exploration of 
chained DPP-based AND logic FPs (DPPC2, LysoDPPC2, LysoDPPC3 and LysoDPPC4), 
prepared by incorporating an aliphatic morpholine functionality (a pH-responsive indi-
cator and lysosome-targeting subunit) (Figure 16 scheme)76. It was found that protonating 
these probes with Zn2+ suppresses the single PET channel, which leads to little fluores-
cence intensity increment. Conversely, upon blockage of all PET channels, the fluores-
cence intensity was restored fully under an acidic condition and high Zn2+ concentration 
(Figure 16 intensity signal)76, in that LysoDPP-C4 FP demonstrated a significant low pH 
detection and lysosomal biosensing of Zn2+ in live cells accompanied with a pronounced 
increased in fluorescence intensity. This was attested via fluorescence imaging micros-
copy of nude mice, where the cancer prostate and seminal vesicles are significantly iden-
tified by strong green emission, using the LysoDPPC4 probe (Figure 16c)76 consistent with 
the literature for high Zn2+ content observed by these organs, with a corresponding negli-
gible cytotoxicity signal for the healthy cells. Essentially important is the fact that this FP 
LysoDPPC4 proves effective for discriminating between live prostate and cancer prostate 
cells through in vivo and histology study of prostate, seminal vesicles, liver, kidney, brain 
and muscles (Figure 16e)76. 
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Figure 16. First row: left, mechanistic fluorescence turn-on process permitting a concomitant low pH AND Zn2+recognition 
(weakly gray with strongly green fluorescence signal intensities). Right, LysoDPP-C4 (1 mM) Fluorescence intensity signal 
with its zinc-complex solutions at different pH excited at 430 nm with emission wavelength of 515 nm. Second row: left, 
HeLa cells fluorescence images. Row-A, incubated cells, using 10 mM of the used probe, at 24 h; Row-B, incubated cells, 
using 10 mM of the used probe, at 24 h, which was further nurtured for 10 min, using 50 mM TPEN; Row-C, incubated 
cells, using 10 mM of the used probe, at 24 h, which was later nurtured for 10 min by mixing with 60 mM ZnPT. Right, in 
vivo describing entirely the healthy nude-mice visual images via an epifluorescence microscopy prior to vaccination (a) 
after vaccinated intravenously via the tail for 15 min (b) with LysoDPP-C4 500 mg per single mouse, the prostate-area 
fluoresce strongly after vaccinating. After sacrificing and dissection, prostate and seminal vesicles displayed brightly 
green emission; however, (c,d) other viscera and skeletal muscles were non-emissive (dark). (e) Prostate, seminal vesicles, 
liver, kidney, brain and adjacent muscle tissue ex vivo fluorescence images gotten from the vaccinated mouse with 
LysoDPP-C4. Copyright, 2019, reproduced with permission from Reference [76]. 

Accordingly, due to zinc being a reliable prostate cancer biomarker, meanwhile it is 
obviously known that prostate cancer tumors possessed low zinc concentration in relation 
to the normal healthy prostate tissues. For this reason, in the same year, Fu et al. presented 
other FP coded DPP-C2 (Scheme 1b)49 above for the same purpose to investigate its ability 
to recognize prostate cancer tumors via an endogenous Zn2+ biosensing platform (an al-
ternate approach). The study revealed that, DPP-C2 has negligible cytotoxicity in vitro 
and in vivo for both tumor (DU145 and PC3) and healthy (RWPE-1) prostate tissues (first 
row, Figure 17C)49, in that healthy tissues fluoresce strongly red which increases upon 
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culturing in zinc-supplement medium (ZnSO4) (second row, Figure 17C,D)49, nevertheless 
the tumor tissues remained unaffected. Moreover, subsequent intravenous administration 
of DPP-C2 molecule to a cancerous nude-mice through the tail, and then examined the 
organism via fluorescence imaging stereomicroscopy. To attest the precise signal region, 
the mice was as well dissected and its viscera images demonstrated a very strong red flu-
orescence signal by the seminal vesicles (second row, Figures 17D and 17H)49, while the 
bladder, liver, kidney, spleen and skeletal muscles were (dark) non-fluorescing [49]. Tu-
mor tissues displayed weak emission contrary to the nearby dark regions (skeletal mus-
cles, abdominal and pelvic) which are similar with the tumor-free mice. Such observations 
are further proved with the observed higher zinc content in (DU145 and PC3) tumor cells 
compared to liver, kidney and skeletal muscles which were found to be lower, and con-
versely, the prostate possessed greatest zinc content, then next the seminal vesicles (sec-
ond row Figure 17I)49, tested using inductively coupled plasma mass spectrometry (ICP–
MS). 
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Figure 17. First row: analyses in vitro. (A) comparative intracellular zinc content (zinc and strontium) of DU145, PC3 and 
RWPE-1 cells in the presence and absence of (ZnSO4) culturing agent. Pink and blue bars symbolize the cultured cells at 0 
and 15 µmol/L (ZnSO4) concentrated media respectively. (B) flow cytometry raw histogram with the cells quantification 
(C) Examined tumorous and healthy cells fluorescent microscopic images in the presence and absence of (ZnSO4) culturing 
agent (D) significant rise in fluorescence of healthy cells (RWPE-1) after culturing in (ZnSO4) medium. Second row: Anal-
yses in vivo. (A) Prior to injecting healthy nude-mice, (B) 20 min later, (C,D) after injecting DPP-C2 to the cancer-prostate 
region, strong red fluorescence signals appeared. (E) Prior to injecting healthy nude-mice, (F) 20 min later, (G,H) after 
injecting DPP-C2 to both cancer-prostate region and bilateral groins, prostate along with seminal vesicles fluoresce 
strongly. Moreover, the tumorous DU145 (DT) and PC3 (PT) cells fluoresce weakly. (I) ICP–MS data of various tissues 
studies have shown prostate to possess highest zinc content, then seminal vesicles, but for PT and DT tumors, it was a 
little higher in relation to liver (L), kidney (K) and skeletal muscles. Copyright, 2019, reproduced with permission from 
Reference [49]. 

4.4. Mitochondria Staining Probes 
Despite the appreciable bio-imaging significance been exhibited by the few DPP-

based FPs, yet such probes for specific accumulation and staining of mitochondria are 
rarely observed with DPPs, and are solely charged-based probes (incorporated moieties) 
like triphenylphosphonium or pyridinium. Nevertheless, such FPs shows substantial 
value towards staining of mitochondria. This follows the establishment by Grzybowski et 
al. of water-soluble DPP-based FPs of furan, thiophene and benzene ring-donors with 
each derivative bearing an imidazolium cationic unit. These probes demonstrated specific 
marking of mitochondria in alive cells via a 2PFM [41]. As crystal analysis of DPP flanked 
to 2-furyl or thienyl revealed an approximate angle lying between 0 and 10°, which pro-
vides better conjugation to the DPP chromophore compared to phenyl ring being twisted 
by about 30°, it follows that incorporating 2-furyl/2-benzofuryl substituted-amide onto 
the DPP core to have boosted the TPA cross-sectional values above 3000 GM with 1850 
GM as two-photon brightness. As mostly reported DPP chromophores for 2PFM being 
non-polar, it follows that charged derivatives bearing imidazolium cation were proposed 
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to selectively stained mitochondria, in that DPPs coded 3b and 3c (Scheme 2A)41 above 
revealed a TPA values of 1930 and 220 GM, respectively. Subsequent optimization of 3b 
and 3c yielded compounds 4b and 4c with significantly enhanced TPA values of 4300 and 
3400 GM, correspondingly, in DMSO (first row, Figure 18a–c, left)41. Confocal fluorescence 
imaging study with (Mitotracker green) depicted DPPs 4a–c to have penetrated live cells 
cellular membrane (first-row images 18a–c, right)41 with specific localization of mitochon-
dria at both micro- and sub-micromolar levels. Hence, this indicated that substituting phe-
nyl with furyl and/or thienyl rings leads to a 10-fold TPA cross-sectional enhancement. 
Cell viability revealed that 10 µm concentration of 4a–c probes does not affect viable cells 
(a 10-fold concentration rise which is greater than the one used for such microscopic anal-
yses). However, insignificant cytotoxicity was shown upon incubating Hela cells with 4a–
c probes at 100 µm concentration (far above concentrations being commonly used for mi-
croscopic analysis); thus, such observed cytotoxicity is of no significance biologically. 
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Figure 18. Top left, solid and dashed lines illustrate the absorption and TPA spectral changes respectively of (a) 3a gray 
with 4a black molecules in DMSO; (b) 4b appeared black in DMSO but gray in water, (c) while 4c showed black and gray 
colors in DMSO and water, accordingly. Copyright, 2015, reproduced with permission from Reference [41]. Top Right, 
Multiple-photon confocal fluorescence images displaying stained mitochondria of HeLa live cancerous cervical cells incu-
bated for an hour using (a) 1 mm coloring agent of 4b along with (b) MitoTracker Green 250 nm. (c) Combined images 
demonstrating 4b molecule’s co-positioning with the mitochondria. Copyright, 2015, reproduced with permission from 
Reference [41]. Bottom, (A) MCF7 intracellularly distributed PhODPP at (250 nm, 0.163 mgmLିଵ) with MitoTracker Red 
at (250 nm, 0.133 mgmLିଵ). (B) Dashed and solid lines illustrates the PhODPP normalized absorption and fluorescence 
emission spectral changes (top spectrum) with a MitoTracker Red (bottom spectrum) in water (0.2% DMSO). Solid grey 
lines represents PhODPP and MitoTracker Red excited wavelengths of 488 and 561 nm correspondingly, while their spec-
tral emissive regions (grey bands) are 500–526 nm (PhODPP) and 614–620 nm (MitoTracker Red) accordingly. (C) MCF7 
cells flow cytometric histogram treated using PhODPP and MitoTracker Red at (250 nm) concentrations under the same 
spectroscopic condition (similar excitation and emission wavelengths). Copyright, 2020 reproduced with permission from 
Reference [15]. 

Regardless of such observed positive results, these kinds of probes pose harmful ef-
fects to the mitochondrial potential from their lipophilic cationic nature; as such, the effect 
consequently disrupts their critical working potential, thereby decreasing their effective-
ness to function well as a staining agent. To improve this situation, very recently, Abelha 
et al. designed two non-charged neural DPP-based FPs with high selectivity and sensitiv-
ity for bio-imaging of mitochondria (second-row image 18A-C)15. These probes are PhDPP 
bearing phosphine and PhODPP for phosphine oxide [15]. Among them, PhODPP incor-
porated with triphenylphosphine oxide showed greater Stoke’s shift (4096 cm−1), with 
high FQY (56%) in water (see Table 2 above), which minimizes the possibility to self-
quench, thus making it very suitable agent for bio-imaging. Additionally, in vitro studies 
of PhODPP show no interference will cell metabolism and that it exhibits a higher cell 
uptake for human MCF7 tested breast cancer cell with high sensitivity down to nanomolar 
level compared with its counterpart. Moreover, PhODPP serves the first neural DPP-
based FP, and it is among very few to do so, regardless of the chemistries involved (a 
nanomolar level detection). Hence, it mitigated the intermembrane potential of mitochon-
dria occurring when using charged molecular probes, and interestingly PhODPP dis-
played similar performance with the commonly and commercially available MitoTracker 
red (a staining agent of mitochondria). 

5. Polymeric DPP-Based Fluorescent Probes 
Wang et al. synthesized four series of DPP-based polymer FPs (PCL–DPPPCL) bear-

ing varied chain lengths (P1 and P2) of polycaprolactones (PCLs) from DPP–OH initiator 
through ring-opening polymerization [77]. Optical features of these polymers were stud-
ied in relation to the DPP–OH small molecule. This study revealed P3 and P4 polymers 
having moderate and lengthy PCL side-chain (n > 100) to have significantly stifled the π–
π interactions existing between DPPs, and this leads to a sustained bright yellow emission 
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displayed by these DPP-based polymers in a solid-state, under UV-light irradiation, sug-
gesting this strategy to be applicable to other organic chromophores towards aiding the 
typical challenges of ACQ. In addition to that, upgrading the biodegradability of PCL by 
using the strongly emissive DPP along with other conjugated molecular systems could 
widen the biomedical scope horizons like in tissue engineering and bio-imaging research 
fields. Nanoparticles (NPs) dispersion of these polymers in water, under an ambient con-
dition of UV light 365 nm, shows P3 and P4 to fluoresce strongly yellow, while P1 and P2 
fluoresce to weakly pink, with DPP–OH small molecules being completely non-emissive. 
To further understand the aggregate emission of the DPPs with this NPs, a steady-state 
emission was conducted, and the NPs produced by DPP–OH were intensely quenched in 
relation to those produced by the polymers P1–P4; this is in good agreement with their 
displayed phenomena under UV light. 

Amidst the incorporation of DPP with furan donor to give FDPP derivatives as pre-
sented in (Scheme 2C)52 above, Oklem et al. established a subsequent polymerization of 
FDPP with thiophene and produces PDPP2FT a NIR-polymer 789 nm with PCE of 5% 
when used as the active material in organic solar cells (OSCs). Accordingly, replacing the 
thiophene donor with selenophene donor unit bathochromically shifts the synthesized 
material’s absorption more to the NIR region. The replacement of thiophene with the se-
lenium affords a novel NIR-absorbing polymer PFDPPSe with pronounced red-shift ab-
sorption of 832 nm (Figure 19a)52 [52]. One of the very rarely observed DPP-based poly-
mers with no thiophene scaffold on its molecular building block. This material’s optical 
energy band gap was found to be below 1.34 eV, which is determined from the onset ab-
sorption peak 930 nm with HOMO/LUMO values of 5.46/3.81 eV correspondingly (Figure 
19c)52, consistent to those of PDPP2FT analogue. The selenium bigger size in relation to 
sulfur leads to lowering of selenophene’s aromaticity as a result of poor selenium orbitals 
overlap with the carbon-building-block π-system. This undoubtedly leads to a value-
added molecular energy levels and thus the more observed red-shifted in the absorption 
profile of the PFDPPSe DPP-based polymer. These data revealed the effectiveness of sele-
nophene motifs in advancing an extreme NIR-absorbing polymer for OSCs application. 

Porous organic polymer (POP) is a promising fluorescent sensing platform in reversi-
ble heterogeneous systems, due to simplicity in optimizing it chemical and nano-porous 
structure, and insolubility. Following these findings, in same year (2018), authors of Ref-
erence [78] reported another DPP-based polymer FP, incorporating tetrakis(4-
ethynylphenyl)methane via Sonogoshira coupling reaction (Uni-DPP–PPN) purposely to 
afford bulk material with potential to escape forming aggregated fluorophores and ener-
getic positions to act towards an analyte (Figure 19 scheme)78. This synthesized DPP de-
rivative showed protected penetrability that is of vital importance for sensing chemicals. 
First, it hampered the ACQ with red-shift emission characteristics of the parent monomer. 
Second, a guest–host interaction was facilitated as it shows ability of accommodating 
small molecules efficiently with enhanced sensitivity towards fluoride ion down to 18 ppb 
detection limit with a very high selectivity for the fluoride as several anionic solutions 
were tested, but the material was found unreactive, except with the F- solution due to its 
high nucleophilicity (third row, Figure 19e)78. Moreover, the material is highly reproduc-
ible while washing it with dilute acid, thus inferring its superiority for sensing fluoride 
ions. The material displayed a broad absorption from 200 to 600 nm, peaking at 460 nm, 
and its red emission was observed in solid-state at 684 nm after excited at 460 nm with an 
observed FQY of 12.6%; this is attributed to the Uni-DPP–PN porosity network, with its 
optimal distribution of the DPP motifs; thus, it deterred the ACQ, and as a result, it en-
hanced its solid-state fluorescence efficiency (third row, Figure 19b)78. 
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Figure 19. First row: (a) thin-film absorption spectrum (b) CV of FDDPPSe, and (c) PFDPPSe band configuration in pro-
posed solar cell. Copyright, 2018 reproduced with permission from Reference [52]. Second row: synthetic route of Uni-
DPP–PPN with its Fିଵ anions detection mechanism. Third row: (a) Diffuse reflectance UV-Vis spectrum of free (Uni-
DPP–PPN) and bound (Uni-DPP–PPN-Fିଵ) (b) fluorescence in solid-state for freely unbound Uni-DPP–PPN and then of 
bound Uni-DPP–PPN-F- (c) Detection kinetics with Uni-DPP–PPN at 0.015 mM Fିଵ concentration. (d) Uni-DPP–PPN (0.1 
mg/mL in THF) fluorescence titration using TBAF solution (e) selective recognition of fluoride anion with other interfering 
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anions of known concentration (photographs of Uni-DPP–PPN suspended solution in THF (0.1 mg/mL in THF) after ad-
dition of Fିଵ (0.015 mM) with other analytes (1.5mM) (f) Recognition of fluoride anion via cycling testing by Uni-DPP–
PPN. Copyright, 2018 reproduced with permission from Reference [78]. Fourth row: absorption spectra of (DPP-based PT 
polymers): (a) PDPP/PC71BM, (b) PDPCz21/PC71BM and (c) PDPCz11/PC71BM blend thin-films. Copyright, 2020 repro-
duced with permission from Reference [79]. 

And very recently, a series of conjugated low-energy-band gap polythiophene (PT) 
polymers (PDPP, PDPCz21 and PDPCz11) composed of 2-ethylhexyl-optimized diketo-
pyrrolopyrrole (TDPP) moieties (electron-acceptor component) plus substituted-terpyri-
dine carbazole (TPCz) moieties (electron-donor component) (Scheme 2B)79 above were re-
ported by Wang et al. for application in photovoltaic devices (PVDs) [79]. The energy band 
gaps of these polymers increased with the increase TPCz content units. These materials 
were blended with PC71BM for PVD and it was found that PDPP/PC71BM forms poor film 
quality, thus implying high degree π–π stacking of TDPP in the polymer building block, 
this is in good agreement with the relatively lower solubility of PDPP. However, PC71BM 
units in the polymers shows uniform distribution in composite films of PDPCz21/PC71BM 
and PDPCz11/PC71BM ranging from 375 to 860 nm with peak absorption at 670 nm (Figure 
19a–c, fourth row)79, and exhibited good film quality, thus indicating an improved com-
patibility between PT with PC71BM after successful introduction of TPCz units in the mo-
lecular building block of the polymers. Therefore, bulk pendant groups like TPCz im-
proved the permitted ability of the PT backbone and so, boosted the suitability of PT and 
PC71BM components. 

6. Research Gaps, Status and Future Prospects 
From our perspective, it is imperative to note that the following key research areas 

need special attention, as other hidden potentials for this class of glowing DPPs could be 
explored in order to widen the scope: 
1. DPPs’ high planarity, rigidity, extended conjugation, and highly electronic as well 

thermally stable nature with high photostability are reasons why a lot of efforts are 
being devoted to utilizing such fluorochromes more than others. As mostly used 
DPPs are thiophene-based incorporated, at this juncture, it is also crucial to extend 
more on exploring other fluorescent DPPs from other incorporated donors onto the 
DPP acceptor component like the furan-based, pyridine-based, selenophene-based 
and others. This is due to observed positivity outcomes of utilizing such donor 
groups with DPP, as presented here, in our review of the literature, like high FQYs, 
the ability to make fluorescent polymers, etc. Thus, exploring newly innovative glow-
ing DPP materials by considering other donor units is worthy to scrutinize. Precisely, 
selenophene-based DPPs were reported to have possessed very good optoelectronic 
properties like, good FQY from their (low-energy) optimized fluorophores, low en-
ergy bandgap attributed by their low-lying HOMO/LUMO along with their observed 
good surface morphology which resulted from the effective heavier nature of Sele-
nium atom that favors ISC. All these are required features useful especially for appli-
cations in LOFETs, OLEDs, Solar cells and other light emitting devices. 

2. Fluorescent DPPs have shown auspiciously to serve as new class of annihilators due 
to their appreciable stability in ambient conditions compared to ascene and rubrene, 
thus serving as an avenue to explore innovatively new DPP-based annihilators con-
sidering their positive outcomes (high stability), as reported herein. 

3. The ability of fluorescent DPPs to form aggregates in solution (AIE) and fluoresce 
strongly as thin-film (solid-sate) is highly significant, as this will significantly address 
the ACQ issues especially for LEOFTs, OLEDs, PVDs, etc., as such applications need 
organic fluorophores to be compacted into solid thin-films. 

4. As triphenylamine (TPA) shows very good influence on the photophysical effects of 
DPPs like quenched in fluorescence, it is highly commendable to note this; therefore, 
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appropriate incorporation of TPA with DPP fluorophore is worth noting, depending 
on the proposed application. 

5. Fluorescent DPPs prove highly promising for biomedical applications like for bio-
molecules detection; bio-imaging; staining of important biological components like 
mitochondria; detection of analytes in solution and solid-state (thin-films); and can-
cer therapy, like in PDT/PTT via the highly effective 2PFM with nanoparticles of DPP, 
with nearly zero or negligible cytotoxicity. These findings still further strengthened 
their useful supramolecular chemistry potentiality, hence paving a smoother way for 
further in-depth studies in order to widen such admirable properties more deeply 
and intensively in biological systems. 

6. As porous fluorescent DPP polymers were reported for fluoride ion detection, such 
porosity could be utilized by extending it applicability to bio-imaging, in that the 
polymeric and porosity nature of such fluorescent materials to have significantly en-
hance deeper tissue penetrability by their highly conjugated system. 

7. Lastly, investigating “Phosphorescence” in luminescent DPPs is highly suggestable, 
as no data of such phenomena exhibited by DPP-based glowing materials, to the best 
of our knowledge, have so far been reported, despite the high electronic, thermal and 
photochemical stability of DPP. Thus, scrutinizing such photophysical property 
would be very essential. 

7. Conclusions 
Certainly, this review article provides some insights for researchers working on DPP 

FPs, the versatile scope they entail and with their possible biological applications, pre-
cisely the supramolecular chemistry (SC) applications of various DPP-based FPs. This ar-
ticle accounts the scholarly contribution on the progress that has so far been made very 
recently, mainly within the last decade, and selectively focused discussions more from 
2015 to the present by various research groups on luminescent DPPs (exceptional prop-
erty). Consequently, this review of works from the literature expresses some valuable in-
sights to researchers working on exploring novel fluorescent DPPs, with the hope to 
widen the research horizon. It is anticipated to mention that DPP FPs have shown prom-
ising SC potentials (deep tissue penetration, negligible cytotoxicity and cancer/tumor cells 
destruction) in the biological system, with hope that, in the near future, fluorescent DPPs 
will further boost the research dimension in this hot and intense research area of biosen-
sors with potent new discoveries. 
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